Crosslinking has been suggested as one of the mechanisms involved in the aging process. Among the various ran-
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ECAUSE the crosslinking of macromolecules limits function and fate in the cell, crosslinking has been hypothesized to play a mechanistic role in the aging process (1) . Biological crosslinking reactions are enzymatically mediated or nonenzymatically activated; nonenzymatic crosslinking activities are activated by the Maillard glycation reaction, aldol-aldimine condensation, or the interaction of lipid peroxides, whereas enzymatic crosslinking activities are mediated by lysyl oxidase, tyrosine peroxidase, sulfhydryl oxidase, or transglutaminase.
To understand the molecular mechanism of the aging process, an urgent study is required of the biological roles of these crosslinking enzymes because when considering the regulatory aspect of crosslink.s formation, enzymatic reactions are much more controllable than randomly activated nonenzymatic reactions. However, the amounts of lysyl oxidase and its products, such as elastin, pyridinoline, and glucitolyllysine, decrease with age, suggesting that they might not be involved in the aging process. In the case of tyrosine peroxidase and sulfhydryl oxidase, the regulation of redox potential and radical generation could be a prerequisite for the control of their activity, which again would limit the extrapolation of their specific roles in the aging process (1) (2) (3) .
Transglutamination reactions, on the other hand, are involved in several age-related processes such as cataract formation, Alzheimer's disease, Mallory's bodies of the liver, atrophic muscle fiber, and senescent epidermal keratinocytes (4) (5) (6) (7) (8) (9) (10) . Among several other transglutaminases, the role of TGase C in these age-related phenomena is B78 emphasized because of its ubiquitous nature in tissues, whereas the distribution pattern of other types of TGase is rather organ-specific.
Moreover, recent findings regarding the biological role of TGase C as a guanosine triphosphate (GTP)-binding or GTP-hydrolyzing protein for the mediation of signal transduction (11, 12) and as a cell cycle regulator that blocks transition to the G2/M phase (13, 14) have also emphasized the importance of this enzyme in the aging process. However,'few studies explain TGase C's direct involvement in the process. In the present study, we therefore attempted to compare the activity and protein level of transglutaminase C between early and late passage in vitro cultured human primary fibroblast, between young and old human red blood cells, and among the major organs of the rat during the aging process.
MATERIALS AND METHODS

Reagents and Animals
[1,4-C14]putrescine hydrochloride (118 mCilmmol) and an ECL (enhanced-chemi luminescence) detection kit were purchased from Amersham (Arlington Heights, IL); phenylmethylsulfonyl fluoride (PMSF), aprotinin,' leupeptin, dansyl cadaverine, Dulbecco's modified Eagle's medium, and dithiothreitol (DTT) from Sigma (St. Louis, MO); benzamidine hydrochloride fetal bovine serum, penicillin, and streptomycin from Aldrich (Milwaukee, WI); horseradish peroxidase-conjugated antirabbit IgG from Pierce (Rockford, IL); and Immobilon-P from Millipore (Bedford, MA).
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Other chemicals of analytical grade were obtained from local commercial sources. Sprague-Dawley rats were donated by the Seoul National University animal breeding house. The animals were maintained in air-clean and temperature-controlled animal quarters up to 24 months of age, and were fed ad libitum.
Normal male rats were sacrificed at 4, 12, 18, and 24 months of age. The liver and brain tissues were dissected out and kept in a freezer until analysis.
Preparation ofYoung and Old Red Blood Cells (RBC)
Ten milliliters of whole blood were collected in a heparin tube from five healthy adult Korean men. To separate RBC from plasma and white blood cells (WBC), blood was subjected to centrifugation for 10 minutes at 4°C. The packed RBC fraction was mixed with an equal volume of Percoll gradient mix (Percoll 28 mL, Renografin 16 mL [Sigma], distilled water 36 mL) and subjected to further centrifugation at 4°C at 30,000 rpm for 20 minutes. The upper one third and lower one third fractions were collected and washed three times with saline by centrifugation for 10 minutes at 4°C and 13000 rpm. The final pellet was used for the analysis of transglutaminase.
Primary Culture ofHuman Fibroblast
Foreskin fibroblasts were isolated from a 7-year-old Korean boy with approval of the protocol by the Institutional Research Committee of Seoul National University Hospital as described by Boyce and Ham (15) . Cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% (v/v) fetal bovine serum, 100 units of penicillinlmL, and 100 ug of streptomycinlmL at 37°C in a humidified, C02-controlled (5%) incubator.
Enzyme Assay
A modification of a published assay for transglutaminase (Folk & Chung, 1985) was used. Reactions were conducted at 37°C in 0.5 mL of 0.1 M Tris acetate buffer (pH 7.5), containing 1% dimethylated casein, 1 mM csci, 0.5% Lubrol PX, 5 mM DTT, 0.15 M NaCI, 0.5 JlCi of [1,4- C14]putrescine, and 50 IlL of enzyme solution. Assays were carried out for 1 hour and were terminated by the addition of 4 mL of cold 7.5% trichloroacetic acid. After 30 minutes in the cold, the precipitates were collected on GF/A glass filters (Whatmann) and washed with several 30-mL portions of 5% trichloroacetic acid. Radioactivity was measured using a Packard beta liquid scintillation spectrometer. Enzyme activity was expressed as counts per minute incorporated per hour.
Western Analysis
Cells were lysed in 2 mL/dish of lysis buffer (50 mM Tris-HCI, pH 7.5, containing 2 mM EDTA, 1 mM EGTA, 1.5 mM MgCh, 1 mM DTT, ImM PMSF, 25 ug/ml, leupeptin, 25 ug/ml, aprotinin, 1mM sodium orthovanadate, 10 mM sodium fluoride, and 1% Nonidet P-40) for 30 minutes on a rocker at 4°C. The lysates were spun in an Eppendorf centrifuge and 20 pg of soluble protein from each cell fraction was analyzed by SDS~PAGE. Protein samples were then transferred electrophoretically onto nitrocellulose or Immobilon P membranes. Incubation with 5% nonfat dry milk in phosphate-buffered saline for 1 hour at room temperature. The blots were then incubated with rabbit polyclonal anti-guinea pig liver TGase C antibody (1:500 dilution) in the blocking solution for 2 hours or overnight. The blots were washed three times with 'Iris-buffered saline containing 0.1% Tween 20 (TTBS) and further incubated for 30 minutes with horseradish peroxidase-eonjugated antirabbit IgGs (1:5000). After washing with TTBS, the blots were visualized using an ECL detection system following the manufacture's protocol.
Statistical Analysis
Comparative data were statistically analyzed by the Student's t test. But the serial changes in TGase activity were evaluated by Duncan's multiple range test using a SAS program (Microsoft).
RESULTS
Comparison Between Young and Old Red Blood Cells
Human red blood cells (RBC) have a limited life span. To test the involvement of TGase in the aging process of RBCs, we examined the TGase activity and the level of TGase protein in RBCs from five different persons. Because the density of young cell is low and that of the old cell is high, the young and old cells were separated by density gradient centrifugation. A study of transglutaminase activity indicated that it was higher in the old RBC fraction (p < .05), which was confirmed by Western blot analysis, demonstrating an enrichment of TGase C in the old fraction ( Figure 1 ). But the apparent discrepancy between the activity change and TGase-Antibody responsive protein level (higher TGase-Antibody responsive band than the expected amount from activity determination) suggests strongly the presence of inactive TGase in the old RBC fraction, probably including band 4.2 which lacks the essential cysteine for the enzymic activity (17) .
Comparison Between Young and Old Fibroblasts
Human fibroblasts in culture undergo a limited number of population doublings. Following a period of proliferation, the primary culture end in a state defined as replicative senescence (18) . In order to test whether the expression of TGase C is age-dependent in the cultured cells, we prepared primary fibroblasts from human foreskin tissue and examined the protein expression and activity of TGase. The primary cultures were aged by multiple passages, as characterized by morphological changes and a reduced rate of proliferation. Compared to their young counterparts, aged cells were larger and grew to a lower density, as was observed in other cell systems (19) (20) (21) . The aged fibroblasts (passage 28) showed a large increase in the level of TGase C (Figure 2 ) and its enzymatic activity of cells from passage 28 (P28) was eight times greater than that of young fibroblasts from passage 10 (PI0) (p < .05, Figure 2 ). The increase of TGase activity was remarkable after a certain point of passage (in this case, around passage [22] [23] [24] [25] at which time the cell growth begins to decline and morphological changes occur. for 2 hours, no significant change in the TGase C expression was noted within 24 hours (data not shown). However, a few continuous passages were observed to deteriorate easily in treated cells from passage 18. The cells finally showed a senescence-like morphology as seen in the aged cells. In the treated cells with a morphologically altered phenotype (P21-H20 2) , we observed a large enhancement in the level of .TGase protein and activity compared to untreated P21 cells (p < .05, Figure 2 ). These results indicate that TGase might play an important role in inducing or maintaining the senescent phenotype.
Changes During the Aging Process
In order to analyze the TGase activity and amount, normal Sprague-Dawley rats of various ages were sacrificed, specifically at 4, 12, 18, and 24 months of age. Their brain and liver tissues were then dissected out. In each age group, five heads of rats were subjected to analysis. As shown in Figure 3A , the analysis of TGase activity demonstrated that the levels of enzyme activity in the liver tissue were fairly constant throughout the adult period, up to 18 months of age, but after that, the enzyme 'activity increased significantly (p < .05). The enzymatic activity was also observed to increase gradually in brain tissue in an age-dependent manner (p < .05). This enzymatic activity correlated well with the amount of TGase protein, as judged by Western blot analysis ( Figure 3B ). Figure 2 . The activity and protein expression of TGase C in multipassaged or H20 2-treated primary fibroblasts from human foreskin tissue. Foreskin fibroblasts were isolated from a young boy, and the cells were cultured and passaged in a condition as described in Materials and Methods. The TGase C activity in the cells from passages 10, 21, 28, and H20 2-treated passage 21 was determined as described in Materials and Methods. For statistical analysis, TGase activity was determined in five different samples. The amount of TGase C protein shown in the histogram was determined by Western blot analysis using polyclonal anti-TGase C antibodies. a, b indicate the statistically significant differences (p < .05). Transglutaminases are a group of enzymes which catalyze Ca"-dependent crosslinking reactions between protein molecules through ')'-glu-e-Iys isopeptide bond formation (16) . The following five different types of transglutaminases were isolated, characterized, and cloned: TGase 1 (keratinocyte or particulate TGase, TGase K); TGase 2 (cytosolic, liver, erythrocyte, or tissue TGase, TGase C); TGase 3 (epidermal, skin TGase, TGase E); TGase 4 (prostate, coagulating gland TGase, TGase P); and Factor XIII. Most isozymes, except TGase C, show an organ-specific expression pattern and have specific physiological roles, which consequently lead to terminal differentiation of a specialized cell (23) . TGase C, however, is shown to be ubiquitously present in various tissues and involved in many physiological phenomena, such as cell differentiation (23) , adhesion (24) , and programmed cell death (25, 27, 28) .
The molecular mechanism of the aging process already suggested that the crosslinking hypothesis might explain the rigidity and instability of the structures and the limited function of macromolecules in aged cells (1) . The crosslinking of molecules in association with the aging process might be mediated either by a nonenzymatic random attack or by enzymatic designed activities. The nonenzymatic crosslinkings of macromolecules are mainly due to the free radicals generated during the life cycle or hyperglycemia. On the other hand, enzymatic crosslinkings could be medi- ated by a variety of enzymes, such as lysyl oxidase, sulfhydryl oxidase, tyrosine peroxidase, or TGase. It has been suggested, however, that only TGase activity is closely related to the aging processes. Ashida and collegues (3) reported the involvement of TGase C in cataract formation. Disuse atrophy of skeletal muscle has also been associated with TGase C induction (l0). The programmed cell death (apoptosis) of epithelial cells (29) and human cancer cells (30) was accompanied by upregulation of TGase C. Moreover, the recent discovery of nucleotide CAG repeat gene products encoding polyglutamine tracts suggests a role of transglutaminase in the development of neurodegenerative disorders (31, 32) . However, there have been few direct studies that illustrate the activity and amount change of TGase C in response to the aging process.
To elucidate the differences in TGase C between young and old cells, we performed a comparative analysis of TGase C activity and amounts in young and old human erythrocytes and in early and late passages of primary fibroblast cultures from human foreskin tissues. Our data indicate that TGase activity increased in the aged cells, which correlated well with the amount of TGase C protein, as judged by Western blot analysis (Figures 1 and 2) . The increased TGase activity might lead the erythrocyte to become equipped with increased crosslinkings of cellular structures, including cytoskeletons. This effect might restrict the life span of normal red blood cells in the circulatory system and could be a cell sequestration signal in the reticuloendothelial system for the elimination of old RBCs. In addition, the excess higher density of the anti-TGase C antibodyresponsive protein band in the old RBC fraction than that of the expected from the activity difference (Figure 1 ) would suggest the presence of inactive TGase or the immunocrossreactive band 4.2 protein in old RBC (17) .
The high amount of TGase C in in vitro multipassage human primary fibroblasts indicated the strong possibility of a role for transglutaminase in the aging process ( Figure  2 ). The senescence-like growth arrest and morphology of primary fibroblasts can be induced by the treatment of the cells with H20 2 (22) . When the cells were treated with H20 2, the expression of TGase C protein and its consequent activity increased greatly only in the late-passage fibroblasts ( Figure 2 ). The discrepancy of TGase C induction in response to H20 2 treatment between the early-and the latepassage fibroblasts attracted a special concern. At this moment, it is unclear whether the increase of TGase expression and the activity generated by H20 2 treatment is related to the general response mechanism to oxidative stress or aging phenomenon, necessitating further study. Our results indicate that the increased TGase might be related to the morphological changes and replicative senescence of the aged fibroblasts. However, the expression of Gh protein, which probably functions as a TGase C, has been shown to be down-regulated by the passage of a primary cultured cardiomyocyte isolated from neonatal heart (33) . The reduction of TGase C expression in cardiomyocyte after passages could be a specific pattern or a result of modification of heart tissue in the culture.
To test whether the pattern of age-dependent changes in TGase C expression might be organ-specific, we further characterized the changes of TGase activity and amounts in liver and brain tissues of the aged rats. The liver showed a fairly constant level of TGase C during adulthood, but after 18 months of age, the enzyme level significantly increased (p < .05, Figure 3A) . The enzymatic activity of brain tissue increased gradually with aging process, suggesting the possible relation of TGase C in the aging brain (p < .05, Figure  3B ). Such organ-dependent changes in TGase C activity and protein levels during the aging process would affect their age-associated functional capacity, which might explain rate of aging differences in the various organs.
However, the up-regulation of TGase C seen in the liver and brain is. questioned as to whether such a change is the cause or effect of aging. It can be postulated that the rapidly increasing TGase activity in the tissues would connote a ... predetermined path of aged cells, because TGase C expression was shown to be associated with programmed cell death (25, (27) (28) (29) (30) . Otherwise, high TGase C amounts in aged organs might account for their resistance to death as evidenced by high TGase C expression in drug-resistant cells and atrophic fibers, through which they may survive from toxic stresses (10, 34) . As inferred from the death curve of normal Sprague-Dawly rats, which illustrates a rapid increase in the death rate after 22 months of age, we suggest that TGase C might provide a resistancy to death at certain concentrations, although an overexpression of the enzyme might lead to cell death. The expression level and cellular content of the enzyme might critically affect the cell's final destination. The increase in TGase activity, as a crosslinker of macromolecules, should require a concomitant increase in the expression of its physiological substrates. Many different putative TGase substrates have been reported; these include from the brain, interleukin 2, substance P, synapsin 1, aand J3-endorphin, tau protein, J3-amyloid protein; from muscle, G actin, collagen a, aldolase A; from skin, cornifin, loricrin, involucrin, SKALP/elafin; from blood fibrin, von Willebrand factor, LP(a), plasminogen, plasminogen activator inhibitor-2; from extracellular matrix, fibronectin, laminin, nidogen, gelectin-3; from saliva, proline-rich protein; in lens, J3-crystallin; in bone, osteonectin; and during inflammation, PLA2, (35) (36) (37) (38) (39) . Most are associated with a variety of biological phenomena. The general increase in crosslinking of these compounds would therefore limit cellular functions and structural flexibility, and this might promote aging processes among the various organs.
Recent findings that show transglutaminase is involved in GTP binding and is a component of GTP hydrolyzing protein suggest that this enzyme could be related to signal transduction between the e l-adrenergic receptor and phospholipase C or cell cycle regulation (11, 20, 40) . Moreover, this additional activity of TGase protein is not necessarily linked to crosslinking activity of the enzyme (13, 14, 41) . To explain the organ-specific changes in the activity and amount of TGase in response to the aging process, the role of the protein, other than as a crosslinking catalyst, should be carefully studied further.
In summary, in vitro multipassage human primary fibroblasts and endogenously aged human red blood cells showed increases in the activity and amounts of TGase C protein in response to the aging process. In addition, in vivo studies revealed an organ-specific pattern of TGase C expression during aging. From these results, TGase C can be suggested to be possibly involved in the process of cellular aging.
